Background. Since the identification of Zika virus (ZIKV) in Brazil in May 2015, the virus has spread throughout the Americas. However, ZIKV burden in the general population in affected countries remains unknown.
and human birth defects [10] [11] [12] [13] [14] , leading the World Health Organization to declare a Public Health Emergency of International Concern [15] . Several recent studies have also highlighted that ZIKV can be transmitted through sexual contact or from mother to fetus [13, 16, 17] . In French Guiana, a French overseas department of 260 000 inhabitants that is located in Latin America in the Amazonian forest complex, Ae. aegypti mosquitoes have been responsible for several major dengue fever outbreaks [18, 19] and for the chikungunya outbreak in 2014 [20, 21] . Given the risk of congenital complications, the emergence of ZIKV was particularly concerning for its inhabitants as the territory has the highest fertility rate in the Americas (3.5 children per woman) [22] . During the ZIKV epidemic in French Guiana (January-September 2016), approximately 9700 clinical cases (approximately 4% of the population), with 14 congenital abnormalities including 3 instances of microcephaly, were recorded by local health authorities [23] . A territory-wide active monitoring of pregnant women implemented during the first 4 months of the outbreak also showed that 573 of 3050 (19%) enrolled pregnant women had laboratory evidence of ZIKV infection [22] . However, the ZIKV infection burden remains unclear in the general population. In such a context, population-representative seroprevalence studies provide an opportunity to estimate the underlying burden of infection and to assess the potential for future epidemics of ZIKV in the region.
A number of seroprevalence studies have recently been conducted in affected countries and territories in the Americas among specific subgroups of populations and geographical areas. ZIKV seroprevalence was found to be 63% in patient cohorts and university employees in Salvador, Brazil [24] , 73% in a cohort of individuals residing in Pau da Lima community in the Salvador [25] . In Bolivia, ZIKV seroprevalence was estimated in blood donors at 39% in Beni, 21.5% in Santa Cruz de la Sierra and close to 0% in three different highland regions (Cochachamba, La Paz and Tarija) [26] . In Managua, Nicaragua, ZIKV seroprevalence was estimated at 36%, 46%, and 56% among participants of pediatric, household, and adult cohort studies, respectively [27] . In Suriname, seroprevalence rates were estimated at 35.1% and 24.5% in patient cohorts recruited from urban areas and 1 remote village, respectively [28] . In the Caribbean sea, ZIKV seroprevalence was estimated at 42.2% in blood donors in Martinique island [29] . These studies were all performed in a small number of communities or specific population subgroups in a constrained region. It is unclear whether their findings are generalizable to the wider population. No territory-wide study evaluating the impact of ZIKV emergence in the general population has yet been published. Such population-representative studies constitute the most reliable source of information and often estimate seroprevalence rates that are lower but more representative than those obtained in population subgroups [30, 31] .
In this context, we conducted a cross-sectional study within the general population of French Guiana in the year following the end of the outbreak, to characterize the seroprevalence of ZIKV and assess its association with sociodemographic and geographical factors.
METHODS

Study Design and Participants
We conducted a cross-sectional population-based study through household interviews and serologic survey during June-October 2017, involving residents located in the 22 municipalities of French Guiana. The territory is composed of 2 main inhabited geographical regions: a central urbanized and coastal strip area along the Atlantic Ocean ("coastal area") where a large part of the population lives, and 4 distinct remote areas along the Surinamese and Brazilian frontiers ("interior area") ( Figure 1 ).
We estimated the sample size for this survey at 2500 persons distributed in the 5 delimited geographical areas based on a 50% seroprevalence, 95% confidence, 90% power, and a cluster effect. To reach the desired sample size, a total of 1600 households were randomly selected for possible participation in the study from household databases maintained by the Geographic Information and Knowledge Dissemination Unit of the Regional Environment, the planning and housing agency, and the National Institute of Economic and Statistical Information. A stratified simple random sampling method was adopted to select households from the 22 municipalities (strata), allowing an overrepresentation of isolated and small municipalities. Villages from 4 municipalities (Roura, Maripasoula, Regina, and Camopi) were specifically considered in the sample design to ensure that all existing submunicipality areas were adequately represented among the selected households. The distribution of households selected from the 22 strata is presented in Table  1 . The global sampling fraction of the households was 1:49, varying from 1:103 to 1:5 according to the municipality.
Procedures and Ethical Considerations
Publicity and information about the survey was provided through the media and contact with local and national authorities. Fieldworker teams including investigators and nurses or medicine residents were trained to visit all households, explain the project objectives, and, when allowed, collect participants' signatures in a free and informed consent form and carry out the interviews. All members of selected households who were 2-75 years of age were invited to take part in the study during a preliminary face-to-face interview. For all participants <18 years of age, 1 or 2 responsible adults signed the informed consent form. A specific educationalstyle comic book was designed for children 6-17 years of age to explain, in an understandable way, the nature and objectives of the survey and inform them about the voluntary nature of their participation in the study and their rights to access and rectify their personal information (Supplementary Materials 1).
Data were collected through a standardized questionnaire installed on tablets to register demographics, socioeconomics, and household characteristics. Participants were asked to report the occurrence of a presumptive ZIKV infection, to report the year of Zika presumptive infection, to list the specific associated symptoms (open-ended question), and to specify if they had consulted a doctor or obtained a biological confirmation of their infection. Thereafter, a venous blood sample of 10 mL was collected from each participant, in accordance with current biosafety standards.
The study was recorded on ClinicalTrials.gov (NCT03210363) and approved by the Sud-Ouest & Outre-Mer IV Ethical Research Committee (number CPP17-007a/2017-A00514-49) and by the French Data Protection Authority (number DR-2017-324) responsible for ethical issues and protection of individual data collection.
Laboratory Methods
Blood Sample Collection
Blood samples were collected into 5-mL gold BD Vacutainer SST II advance tubes with gel for serum separation (Becton-Dickinson). Immediately after puncture, samples were stored at 4°C-8°C until centrifugation within 12 hours. Sera were then frozen and stored at -20°C until use at the National Reference Center for arboviruses in Institut Pasteur in French Guiana.
Serologic Diagnosis
All serum samples were tested for anti-ZIKV immunoglobulin G (IgG) antibodies using a recombinant antigen-based SGERPAxMap microsphere immunoassay (MIA) adapted from Beck et al [32] . ZIKV Luminex MIA uses the ZIKV E3 domain as the epitope rather than the whole E protein as in traditional ELISAs. The E3 domain has been shown to limit cross-reactivity between flaviviruses [33] [34] [35] [36] [37] [38] (see Supplementary Materials and Methods).
In such a way, this assay limits the probability that individuals previously infected with dengue falsely test as ZIKV positive. Furthermore, some of the samples were evaluated through anti-ZIKV microneutralization tests (MNTs) adapted from Beck et al [32] . Away from infection, as is the case in our study, detection of ZIKV neutralizing antibodies provides good evidence of a contact with ZIKV [39, 40] (Supplementary Materials and Methods).
ZIKV MNT was systematically performed on the first 235 samples to evaluate the correlation between ZIKV MIA and MNT results and to confirm MIA cutoffs.
ZIKV neutralizing antibodies from the MNT were detected in 63 of 65 (96.9%) of samples with an MIA ratio of >2.5, in 26 of 36 (72.2%) of samples with an MIA ratio between 1.5 and 2.5, and in 12 of 134 (9%) of samples with an MIA ratio of <1.5. A sample was considered positive if its MIA ratio was >2.5 and negative for a value <1.5. All samples with an MIA ratio between 1.5 and 2.5 were tested by MNT and considered positive for neutralizing titers >20. MNT was also systematically performed where the MIA ratio was <1.5 for anyone who had reported an arboviral-like infection in the last 2 years (Supplementary Materials 2). Finally, almost a quarter of the samples (22.5%; n = 607) were also tested by anti-ZIKV MNTs.
Statistical Analysis
We use the following notation to describe the study design (Table 1) : We considered, that, in each municipality i, the probability of selecting a particular subject was equal to the probability to select his or her household and was (m i /M i ), corresponding to a statistical weight equal to (1/ m i /M i ) = (M i /m i ). This statistical weight indicates the number of people in the population represented by each subject in the sample.
We applied a poststratification adjustment to each of these weights to arrive at the final statistical weight for each subject. This adjustment allowed us to weight the age-sex groups within each municipality to match the distribution in the French Guiana total population. Ten age groups (2-4, 5-9, 10-14, 15-19, 20-24, 25-34, 35-44, 45-54, 55-64 ≥65 years) were used within male and female groups, and for each age-sex subgroup, we applied an adjustment factor c ijk, to have a final statistical weight w ijk = (M i /m i ) × c ijk , where i indexes municipalities, j indexes sex groups, and k indexes age groups.
We constructed a household socioeconomic index combining a multiple correspondence analysis and a hierarchical cluster analysis (Supplementary Materials and Methods). Type of housing, housing equipment such as access to drinking water and electricity, presence of a garden, private swimming pool, refrigerator, air conditioning, internet access, mobile phone, car, boat, type of health insurance, household income, and highest educational level were included to determine and characterize the natural groupings of households regarding socioeconomic levels.
The outcome of interest was the weighted ZIKV seroprevalence estimate, and the associated factors were identified by using a survey-weighted Poisson regression and prevalence ratios (PRs). Any variable having a significant univariate test with a P value cutoff point of 0.25 was selected as a candidate for the multivariate analysis. The strength of the association between selected variables and ZIKV seropositivity was estimated by crude and adjusted PRs with their 95% confidence interval (CI), all PRs excluding 1.0 being considered as significant.
Analyses were carried out using survey capabilities of Stata version 15 statistical software [41] and SPAD 8 [42] . Spatial analyses were performed using QGIS software [43] .
RESULTS
In total, 1415 households and 2697 individuals were included from the 27 recruitment areas ( Table 1 ). The mean household size was 1.9 individuals (range, 1-11). The mean age was 34.1 years (range, 2-75 years). Comparison of the sociodemographic characteristics of the study sample to the census data demonstrated an overrepresentation of women (58.9% vs 50% in the general population of French Guiana) and adults >25 years of age (64% vs 53% in French Guiana). These differences were accounted for in the analyses of seroprevalence and risk factors by allocating poststratification weight to each participant.
The crude proportion seropositive was 21.6% and the overall weighted seroprevalence of ZIKV antibodies in French Guiana was 23.3% (95% CI, 20.9%-25.9%) ( Table 1 ). The seroprevalence did not differ according to sex (P = .65) or age (P = .47) ( Table 2 ). Serological results in the different geographical areas are shown in Figure 2 . While ZIKV circulated in a large part of French Guiana, it barely reached the interior and remote villages located in the most isolated forest areas (Saint-Elie, Saül, Talhuen-Twenke villages, and Camopi) ( . Living in the northwestern part of the territory, so-called "Low Maroni," in urban areas and being born in Haiti was significantly associated with being seropositive in both univariate and multivariate analyses ( Table  2) . Living in a carbet, representing a typical Native American cabin without walls essentially located in the Amazonian forest complex in High Oyapock, interior, and high Maroni villages, was significantly associated with being ZIKV seronegative at univariate level. The seroprevalence estimated in makeshift houses was higher than in individual or collective type of housing. However, this difference was not significant, probably due to small numbers of individuals in this category. Benefiting from universal health coverage or state medical assistance and having a low household income was associated with being seropositive at the univariate level. However, socioeconomic factors and type of housing were no longer significant after adjusting by geographical regions.
The proportion of reported symptoms was estimated at 25.5% (95% CI, 20.3%-31.4%) in ZIKV-positive participants vs 3.6% (95% CI, 2.6%-5.0%) in seronegative individuals, resulting in a ZIKV-attributable symptomatic infection rate of 21.9%. This proportion varied substantially over space from 27.3% in the coastal area to only 12.8% in the High Maroni area, but did not vary significantly by sex (28.6% in ZIKV-positive women vs 21.8% in ZIKV-positive men; P = .22). More than 95% of infected individuals who reported the occurrence of a presumptive ZIKV infection reported a year of occurrence between 2015 and 2017, corresponding to the period of transmission of ZIKV in French Guiana. Three-quarters of them (75.8%) declared that diagnosis was confirmed by a clinician and 54.7% declared that they had a laboratory confirmation. Fever (80.5%) and myalgia (62.4%) were the most frequently reported symptoms in ZIKV-positive participants. However, only rash (38.0%) and arthralgia (33.9%) were significantly more prevalent in ZIKV-positive individuals ( Table 3) .
DISCUSSION
Here we have presented a large-scale representative ZIKV seroprevalence study in South America from the recent 2015-2016 Zika epidemic. We found that approximately a quarter of the population of French Guiana became infected during the outbreak. However, there was substantial heterogeneity in infection risk, with communities in the center of the territory hardly affected at all, whereas up to half of the population was infected in urban communities along the coast. Our results were consistent with a recent report from a systematic monitoring of pregnant women in French Guiana that estimated at 19% the proportion of ZIKV-positive women during the first 4 months of the outbreak [25] .
Our seroprevalence estimates are slightly lower than most previous estimates from seroprevalence studies in other locations in South America [24] [25] [26] [27] [28] and in other parts of the world [2, 34] .This highlights the importance of conducting populationrepresentative studies. The previous studies in South America have all consisted of single communities or small numbers of neighboring populations. Therefore, it has not been possible to generalize the findings to the wider country as is the case here, where the entire territory was included in the initial sampling frame. The future risk of ZIKV in the area remains unclear. It has been shown in a study conducted in Thailand that ZIKV can transition to stable endemic circulation [44] . Our findings demonstrate that the majority of the population remains susceptible to ZIKV, which would potentially allow future successful reintroductions of the virus. However, the observed differences in seropositivity across the country may partly reflect differences in the distribution of mosquitoes across the territory. Population movements, economic development, and urbanization have facilitated the geographical expansion of Ae. aegypti and its implantation in almost all inhabited areas of French Guiana, even in villages along the Maroni river up to the Maripasoula main area and inland up to Saül [45, 46] . However, to date no study has reported the presence of Ae. aegypti populations in the most remote villages including Antecume Pata, Twenke-Talhuen, and Camopi [46] , where seroprevalence rates varied from 0% to 8%. Furthermore, despite strengthening existing epidemiological surveillance systems [47] and entomo-epidemiological investigations coordinated by local health authorities when a clinical or confirmed case appeared in these areas, no autochthonous transmission of Aedes-transmitted diseases has been identified in these villages.
Differences in vector control activities implemented in the different geographical areas may also have contributed to variability in transmission intensities between municipalities. Indeed, the French Guiana program of surveillance and management of arboviral diseases includes Ae. aegypti density reduction throughout the year, which is intensified during outbreaks. Vector control activities include both indoor and outdoor spatial spraying of deltamethrin against adults and the removal of breeding sites or their treatment with Bacillus thuringiensis var. israelensis-based larvicides [48] . These activities rely on important logistical and human resources that can be in some situations very difficult to apply uniformly in the different geographical areas of French Guiana.
We found that individuals with higher income and benefiting from general health insurance had a reduced risk of infection compared to those with lower income and benefiting from universal health or state medical assistance in the univariate risk factor analysis. However, after correcting for spatial differences in risk, no individual or household-level factor was associated with being seropositive. This suggests that the individual risk of infection is more deeply modulated by different ecoenvironments related to geographic factors, urbanization level, and the related quality of sanitary infrastructures that may have an impact on the extent of vector infestation and, hence, viral circulation. Whereas the proportion of asymptomatic ZIKV infection in ZIKV-positive participants was estimated in previous general population cross-sectional studies at 43% in French Polynesia [34] , 47% in Puerto Rico [49] , and 62% in Yap, Micronesia [2] , we found that 74.5% (95% CI, 68.5%-79.8%) of the participants with ZIKV IgG did not report symptoms confirming the high proportion of asymptomatic ZIKV infection. Considering that the survey was conducted 8 months after the end of the ZIKV epidemic in French Guiana, recall bias may nonetheless have led to underreporting of symptoms, particularly when there was a considerable time delay between the symptoms' occurrence and the time of the survey. Furthermore, even if numerous education campaigns may have considerably increased public awareness of health risks related to arboviruses in a large majority of the population, awareness about Zika; cultural, social, and behavioral practices; or previous expositions to diseases and parasites may have affected the reporting of presumptive ZIKV infection.
Our study has other limitations inherent to the study design and cross-reaction issues in the context of co-circulation of related arboviruses.
First, given that individuals without health coverage could not be enrolled in our survey because of restrictions from French legislation, immigrants without health coverage were underrepresented in our sample. Although this population was very small in the majority of the municipalities, some households were excluded in the western border part of the territory, which is known for high levels of immigration, because the adults and household referents did not have health insurance status. Second, sample size calculation was determined to obtain a sufficient point estimate of prevalence but not to study risk factors of infection so that we might lack power to ascertain them. Finally, cross-reaction between viruses of the same family could have affected the interpretation of seroprevalence results. In particular, dengue has circulated in French Guiana for decades. Here we used an assay that minimizes the risk of cross-reaction by relying on the E3 domain of the ZIKV in combination with virus neutralization assay (MNT).We estimated that 9% of those with lower MIA values were still seropositive. This means that the true proportion seropositive may be slightly higher than our estimates; however, as 76.4% of samples had low MIA results, this would only raise the proportion seropositive from 23.3% to 27.1%.
In conclusion, this study is the first to provide a consistent overview of a territory-wide ZIKV seropositivity estimation in the Americas. Given that a huge proportion of ZIKV infections are clinically asymptomatic and that the disease is greatly underreported, our results provide distinctive and useful information per geographical area and population subgroups in a continental area frequently exposed to arbovirus.
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